INTRODUCTION
Recent work in this laboratory on the fractionation of cigarette smoke condensate (CSC) for bioassay by mouseback testing has resulted in the isolation of two highly refined polynuclear aromatic hydrocarbon (PAH) subfractions: F-20 and F-55 ( Fig. 1 ) (1) (2) (3) (4) (5) . Fraction F-20 contained only 0.40/o of the weight of the crude condensate but accounted for virtually all of the tumor-initiating activity of CSC (6) and "promoted" the development of more tumors than did any previously tested, neutral fraction (7) . Using the gel filtration (GF) chromatographic behavior of benzo(a)pyrene on Bio-Beads SX-2, fraction F-20 was further separated
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into two subfractions F-54 and F-55 ( Fig. 2 ) (5). Fraction F-55 represented only 150/o of F-20 or only 0.050/o of CSC and. more importandy, was almost as tumorigenic as was F-20 (8) . In previous work, we isolated the PAH in F-20 and unambiguously identified the broad spectrum of P AH ranging from indene to indeno(1,2,3-cd)pyrene (9) . This paper reports the results of our isolation and identification of the PAH in the more refined and active F-55 fraction. In effect, GF chromatography on SX-2 resulted in the concentration of the high molecular weight (MW) P AH into a single fraction. We found that F-55 contained only compounds larger than fluoranthene. Thus, the gel filtration step which converted F-20 to F-55 removed all of the low molecular weight PAH and resulted in a concentrated fraction of high molecular weight P AH compounds with considerable biological activity. 
EXPERIMENTAL

Fractionation of Cigarette Smoke Condensate (CSC)
All solvents used were Burdidt and Jackson* distilledin-glass grade. The CSC was prepared in 1.0 kg batches at the Roswell Park Memorial Institute and shipped to us as previously described (10) . A total of three 1 kg batches were fractionated. Although details for the isolation of the P AH concentrate, fraction F-55, have been reported elsewhere (5), the general fractionation scheme is outlined in Figure 1 . In brief, CSC neutrals were isolated by consecutive acid and base extractions and then chromatographed on silicic acid. The 25 O/o benzene : petroleum ether eluate (fraction F-BPE) was partitioned between cyclohexane (CH) and dimethylsulfoxide (DMSO) to yield F-20. Fractionation of 3 kg of CSC yielded 9.6 g of F-20. Preparative GF of F-20 on Bio-Beads SX-2 in acetone gave 1.0 g of F-55 (Fig. 2 ). This highly concentrated PAH fraction was then separated by analytical GF on Bio-Beads SX-12 in benzene on a four-column gel system similar to that described previously (11) . The columns (1.25 cm X 109 cm) were connected in series and the slurry was packed in benzene with a total of 200 g of Bio-Beads SX-12 (dry weight). Samples (0.25 g/ml of F-55 per run) were placed on the columns with a 1 ml injection loop and pumped through the columns at a flow rate of 120 ml!h. Column effluent was monitored at 280 nm with a Chromatronix Model 230 UV detector, equipped with a flow cell, and 8 ml fractions were collected. Elution of UV-absorbing material began with GF fraction 24 and continued up to GF fraction 55. By the use of standard 2,3,5-trimethylnaphthalene, the beginning of the PAH elution was found to be GF fraction 36. Four separate runs were required to fractionate the entire sample of F-55. Fractions with the same number, from each run, were combined for subsequent GC. The reproducibility of the described gel system allowed such combinations. The amount of material in latter fractions was increased by combining GF fractions 50 and 51 and GF fractions 52 to 55 inclusive. was used for preparative GC of the above GF fractions. Preparative GC COnditions were identical to those for analytical GC. PAH were collected at the exit port of the TC detector in glass capillary tubing (TC oven temperature, 350 °C). Whenever possible, samples were collected during the upslope, top, and downslope of GC peaks to give three cuts of a single .peak. The GF fraction number and the corresponding number of preparative collection cuts, respectively, were: GF fraction 45, 120; GF fraction 46, 73; GF fraction 47, 91; GF fraction 48, 68; GF fraction 49, 65; GF fraction 50-51, 76; GF fraction 52-55, 36 (total samples, 529).
Gas Chromatography (GC)
GF
Ultraviolet Spectral Data of Preparative GC Samples
The glass capillary tubes containing the PAH from the above preparative GC runs were rinsed into 0.9 ml cuvettes with 95Vfo ethanoL Ultraviolet (UV) spectr~ were obtained with a Beckman Acta C Ill spectrophotometer.
High-Pressure Liquid Chromatography (HPLC)
A Mass spe~.tral (MS) analyses of the GC effluents were performed as follows. The effluent was split with a;,l :1 splitter, one half going to the flame ionization detector of the gas chromatograph and tpe other half to the source area of the mass spectrometer. Before MS analysis, a jet· separator at 300 °C was used to strip helium from the GC effluent. Mass spectra of effluent GC peaks were obtained at a scan rate of 10 s/mass decade, a minimal resolution of 1000, and an ionization potential of 70 eV. Mass spectra were taken as often as possible during the elution time of a GC peak to determine mass integrity. The spectra were recorded by a high-speed recording oscillograph and/or an AEI DS-30 computerized data system. MS data were analyzed by both manual and computer-aided techniques. HPLCseparated components of doubtful identity were submitted to probe MS analyses after evaporation of the solvent.
Quantitation of Selected High Molecular Weight PAH in CSC
The amounts of several high molecular weight P AH in CSC were quantitated by our recently developed accelerated PAH analysis method (11, 12) . Three batches of 270 Kentucky 1R1 Reference cigarettes were smoked and the smoke was collected in dry-ice traps. CSC from each batch was treated as follows. The CSC was rinsed into a 1000 ml separatory funnel with benzene, methanol, and ether (100 ml of each) and washed with H20. The organic solubles were reduced in volume, chromatographed on silicic acid, and eluted first with petroleum ether followed by 25 Ofo benzene:petroleum ether. The second eluate was evaporated and the residue chromatographed on a four-column Bio-Beads SX-12 system in benzene. The beginning of the elution of benzo(a)pyrene (BaP) was used to determine the start of the elution of larger PAH. The combined GF fractions from all three GF runs were pooled and analyzed by GC. After application of detector response corrections, the CSC levels of P AH larger than BaP were determined relative to the known [2.4 j.tg/100 cigarettes (11)] BeP/BaP levels ( Table 3) .
RESULTS AND DISCUSSION
The FAH-containing GF fractions (41-55) were subjected to analytical GC on Dexsil 300 GC. .. GF·Iractlon 52-55
GF·fractlon 50-51 The basis for identification of most of the compounds in Table 1 is given in Table 2 , including the results of the HPLC separations. Usually PAH compounds, whose GC RRT and/or UV spectra are available in the literature, have not been included in Table 2 . However, several compounds of this type were included to indicate their HPLC order of elution, given in terms of the RR T. For the most part, the individual RR T can be compared from run to run to indicate order of elution of constituents. However, as work progressed, the RRT of some GC peak components increased, probably due to blockage and the use of the constant pressure pump. Although the separating ability of the HPLC was not affected, a constant flow pump would have produced more consistent RRT. Although analysis time was long . by conventional HPLC standards, it proved to be best for preparative separations. Efforts to decrease retention time by increasing the methanol concentration of the mobile phase also decreased resolution. Thus, the use of a 3 °/o/min gradient from 85 Ofo to 95 Ofo CHsOH/H20 halved the RR T of compounds but also compressed the peaks and· gave ambiguous UV spectra for collected peaks. Unambiguous identifications were made by correlation of all the data from the GF, GC, and HPLC separations with the corresponding UV and MS information. The unique properties of the gel columns in retaining and concentrating the high molecular weight PAH were used to advantage in the final purification step of F-55. The two separation characteristics of the gels have been described (13) . Briefly, PAH are separated from interfering material by an absorption-type mechanism and are eluted from the gel columns after the impurities and in order of increasing ring number; Thus, P AH larger than fluoranthene were found in GF fractions 45-55. An additional mechanism of separation also occurs in that methyl P AH eluted from the gels before their parents. An increase of methyl substitution results in earlier elutions relative to parent P AH. These two phenomena are well illustrated by the relative GC peak changes in the gas chromatograms of GF fractions 45-55 (Figs. [3] [4] [5] and in the data in Table 1 . The dimethyl derivatives of pyrene, chrysene, benzofluoranthene, benzo(a)pyrene, benzo(e)pyrene, indenopyrene, and benzo(ghi)perylene were eluted in earlier gel fractions than their monomethyl analogs, which in turn eluted earlier than the parent compounds. (For brevity, indeno(1,2,3-cd)pyrene will be termed indenopyrene and indeno(1',2',3'-3,4)fluoranthene, indenofluoranthene.) For HPLC on Zorbax ODS, the trend of elution was unsubstituted P AH, followed by monomethyl-, dimethyl-, and trimethyl-substituted PAH. Because of the large number of compounds that eo-elute in each gel fraction, it would have been futile to attempt liPLC analysis of the whole gel fraction. Consequently, preparative GC was used to resolve the GF fractions into "peaks" that were collected and then subjected to HPLC. Since P AH differ in their absorption coefficients at 254 nm, the heights of peaks in the HPLC chromato~ grams, unlike those for GC may not be indic'ative of the relative concentrations. These separations, in conjunction with the data in Table 2 , demonstrated that most of the GC peaks contained multiple components. Time (min)
Several examples of the remarkable separations achieved by HPLC are shown in Figures 6-10 . The HPLC separations of GC peak number 9 of GF fraction 49 is shown in Figure 6 . Resolved compounds were 3,4-benzofluorene, 2,3-benzofluorene, and two methyl fluoranthenes. UV data confirmed that the broadness and asymmetry of the methyl fluoranthene peak was due to the presence of the 1-and 2-methyl isomers. The HPLC separation of GC peak number 33 of GF fraction 45 is given in Figure 7 . Perylene, benzo(a)pyrene, and two methylbenzofluoranthenes were separated. The benzo(a)- Time(min) pyrene was a carryover from peak number 32. Such carryover was found in many cases with the high molecular weight, low volatility P AH. The complexity of some GC peaks is illustrated in Figure 8 . HPLC of peak number 41 of GF fraction 45 separated dibenz(a,c)-anthracene, dibenz(a,h)anthracene, a trace of indenopyrene, a dimethylperylene, two dimethylbenzo(e)-pyrenes, and two dimethylbenzo(a)pyrenes. HPLC RRT and MS analyses of the two large unknown peaks indicated that they were unsubstituted PAH with m/e of 276. Ladt of literature UV data on several possible candidates UV spectrum of collected GC peak number 5. Wavelength (nm)
number 44 of GF fraction 47. Benzo(ghi)perylene (carryover from peak number 46), anthanthrene, and methylindenopyrene were identified. Additional data on the above separations can be found in Table 2 , under the corresponding GC peak number. In this study, several new components of CSC were identified. These include 3,4-dimethylenepyrene, 3,4-trimethylenepyrene, cyclopenta( c,d)pyrene, 4,5-methylenetriphenylene, benzo(b )perylene, and several dibenzofluoranthenes. The lac:k of available standards and literature UV spectra for many P AH has hindered further identifications. This was particularly true with the dibenzofluoranthene series. For the ten possible dibenzofluoranthenes, only four literature UV spectra could be found.
Some of the difficulties in assigning conclusive identificacations are illustrated by the following case. The UV spectrum of the major component in GC peak number 5 is shown in Figure 11 . This compound had a molecular weight of 202 and it was tentatively identified as acephenanthrylene. To our knowledge, the UV spectrum of acephenanthrylene has not been reported; however, acephenanthrylene has been reported to elute from a 
100
SE-30 GC column between fluoranthene and pyrene (14) . This seems reasonable as acephenanthrylene is an isomer of fluoranthene. The levels of several high molecular weight P AH in CSC were determined. For this purpose, 810 research cigarettes were smoked, and the P AH were isolated and quantitated by our accelerated technique (11, 12) . The results (Table 3) show that the level of each of the larger P AH was smaller than that of the benzopyrenes. The data in Table 3 compare favorably with previous results (15) . On the basis of the data in Table 1 , we evaluated the relative concentrations of the large PAH in cigarette smoke. Compounds that occurred in major amounts are: benzofluoranthenes, benzo( a )pyrene, benzo( e )pyrene, perylene, indenopyrene, benzo(ghi)perylene, anthanthrene, coronene, and their methyl and dimethyl derivatives. PAH that occur in minor to trace quantities are dibenzanthracenes, dibenzophenanthrenes, dibenzofluoranthenes, and the dibenzopyrenes. Several dibenzanthracenes, dibenzophenanthrenes, and dibenzopyrenes have been identified in CSC (15, 16) . Surprisingly, however, the more abundant methyl and dimethyl derivatives of indenopyrene and benzo(ghi)perylene have not been isolated a.nd characterized previously. This report concludes our identification studies on the high MW P AH of cigarette smoke and complements the results on the middle region (9) . Current work on the low MW, highly-alkylated PAH will be described in this journal in the near future.
SUMMARY
A gel filtration chromatography method was developed for the isolation and concentration of the high molecular weight polynuclear aromatic hydrocarbons (PAH) contained in the most biologically active fraction of cigarette smoke condensate (CSC). The unusually complex mixture of large PAH found in CSC necessitated the use of preparative gas chromatography followed by high-pressure liquid chromatography to achieve separation and identification. Mass spectral, ultraviolet absorption, and chromatographic retention data were needed for the comprehensive identification of the large molecular weight P AH components of CSC. 
R£SUM£
On a dCveloppC une mCthode de chromatographic a permeatiOn de gel pour !'isolation et la concentration des hydrocarbures polynuc!eaires aromatiques (PAH) de haut poids mo!Cculaire, presents dans la fraction biologiquement la plus active du condensat de fumCe de cigarette (CSC). Le melange particulihement complexe de ces P AH clans le CSC a exigC !'utilisation des techniques de chromatographie preparative en phase gazeuse
